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ABSTRACT: The properties and structure of relevant interfaces involving molten alkali 
carbonates are studied using molecular dynamics simulations. Lithium carbonate and the 
Li/Na/K carbonate eutectic mixture are considered.  Gas phase composed of pure CO2 or a 
model flue gas mixture are analysed. Likewise, the adsorption of these gas phases on 
graphene are studied, showing competitive CO2 and N2 adsorption that develops liquid-like 
layers and damped oscillation behaviour for density. The interaction of the studied 
carbonates with graphene is also characterized by development of adsorption layers through 
strong graphene – carbonate interactions and the development of hexagonal lattice 
arrangements, especially for lithium carbonate. The development of molten salts – vacuum 
interfaces is also considered, analysing the ionic rearrangement in the interfacial region. The 
behaviour of the selected gas phases on top of molten alkyl carbonate is also studied, 









Molten salts (MSs) are pivotal for many technologies in the modern industry.1,2 Most of the 
considered MSs applications stand on their unique physicochemical properties3 such as 
thermal stability,4,5,6 non-flammability,7 low volatility,8 ionic and thermal conductivity,9,10 
moderate viscosity11 and solvent capacity.12 Likewise, MSs shows low cost, non-toxicity, low 
environmental impact and large biodegradability, which allow their use in a sustainable 
framework.13 Therefore, applications of MSs in pivotal sectors14 such as metallurgy or 
energy-related operations, mainly as heat storage media or for solar energy 
applications,15,16,17 have been developed these last decades. Molten alkali carbonates 
(MACs) have attracted great attention into the group of MSs for energy technologies,18 
especially for fuel cells.19 Molten carbonate fuel cells have showed suitable system 
performance,20 robust operations21 and a reduced environmental impact.22 Likewise, the 
use of molten carbonates for gas separation operations and in particular for CO2 capture and 
valorisation,23 both using molten carbonate fuel cells24,25 and other setups like direct liquid 
absorption,26,27 is among the main applications of these fluids within a sustainable energy 
framework. MACs have also been used for preparing CO2 separation membranes on several 
supports.28,29,30  
 The development of MACs – based membranes for industrial applications, especially 
for carbon capture purposes, could be extended if 2D materials such as graphene were 
considered as suitable supports for the MACs. Graphene – based membranes for CO2 
separation purposes have been considered in the literature both using neat graphene as 
separation media, i.e. engineering graphene porosity,3132,33,34 or with graphene acting as 
support for CO2 capturing materials, especially for ambient temperature molten salts (i.e. 
ionic liquids).35,36 Although it has been reported that molten carbonates can be used for the 
direct conversion of CO2 into graphene,37,38 the properties of MACs adsorbed on graphene 
have not been previously studied. Therefore, MACs adsorbed onto graphene surface are 
considered in this work as a suitable platform for developing CO2 – capturing materials.  
A computational approach based on molecular dynamics (MD) simulations was used 
to infer the main nanoscopic features of the studied systems. The theoretical study will be 
concentrated on the features of relevant interfacial regions because they are essential for 
the performance of the whole system.39 The considered systems were nanocomposites of 
MACs adsorbed onto graphene in contact with gas phases formed by pure CO2 and a model 
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dried flue gas (CO2 + N2 + O2) to consider gas mixtures close to those in fossil fuelled power 
plants. The studied MACs were pure Li2CO3 and a ternary eutectic mixture (Li0.87Na0.63K0.50 
CO3) for considering both high and low melting point MACs.39 The considered interfaces 
were: MACs – graphene, MACs – gas (where gas stands for pure CO2 or for the considered 
flue gas), MACs – vacuum (for comparison purposes with MACs-gas interfaces), and also 
graphene – gas. Although some theoretical studies on graphene – gas interfaces have been 
previously reported,40,41 the results considered in this work allow to infer the behaviour of 
complex mixtures on graphene surfaces to compare with their properties for graphene-
MACs composites. The results are analysed in terms of properties at interfaces, considering 
layering, adsorption and the development of solid-like structures for MACs at graphene 
interfaces. Likewise, dynamic properties of molecules at interfacial regions were studied 
together with the strength of intermolecular interactions determining the main 
characteristics of graphene – MACs nanocomposites and the adsorption of the studied gases 
(CO2) at the interfaces. 
 
METHODS   
Molecular dynamics simulations were carried out with MDynaMix v.5.2 molecular modelling 
package.42 Force field parameters for CO32- anion and alkali cations (Li+, Na+ and K+) are 
reported in Table S1 (Supporting Information) and were obtained from Roest et al.39 
Graphene was modelled as a rigid entity composed of non-charged carbon atoms interacting 
through Lennard-Jones potential with interaction parameters previously reported.43 
Forcefield parameters for CO2, N2 and O2 are also reported in Table S1 (Supporting 
Information). The studied MACs were: i) Li2CO3 (m.p. = 996.15 K) and ii) the eutectic mixture 
Li0.87Na0.63K0.50CO3 (i.e. an eutectic mixture composed of 43.5 % Li2CO3 + 31.5 % Na2CO2 + 21 
% K2CO3, m.p. = 673 K).44 The interfaces of interest (gas – graphene, MACs – vacuum, MACs – 
graphene and MACs - gas) were modelled using the systems reported in Table S2 
(Supporting Information). Regarding simulations involving graphene, a graphene sheet, in 
the armchair configuration, containing 1500 carbon atoms with dimensions 62 x 62 Å2 was 
built and placed in the xy plane, salt and gas layers were placed on top of the sheet initially 
at 3 Å (Table S2, Supporting Information). The studied gas systems were i) pure CO2 and ii) a 
model dry flue gas (13.5 % CO2 + 80.9 % N2 + 5.6 % O2 mixture). Initial simulation boxes were 
built using the Packmol program.45 Simulation were carried out according to a two – steps 
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procedure: i) equilibration in the NVT ensemble (assured by the constancy of total potential 
energy) followed by ii) production runs also in the NVT ensemble (10 ns long). Simulations 
were carried out at 1023 K and 673 K for systems containing Li2CO3 and Li0.87Na0.63K0.50CO3, 
respectively, i.e. assuring that melted salts are considered along the simulations. The 
temperature along the simulations was controlled by using the Nose–Hoover method. 
Regarding the possible doubts about the stability of graphene at the temperatures used for 
simulations, literature studies have showed that graphene films are stable at temperatures 
up to 973 K,46,47 and even in air no remarkable degradation is inferred up to 923 K.47 
Coulombic interactions were handled with Ewald method, with 15 Å cut-off radius. The 
equations of motion were solved with the Tuckerman–Berne double time step algorithm48 (1 
and 0.1 fs for long and short time steps). Cross Lennard-Jones terms were calculated 
according to the Lorentz-Berthelot mixing rules. A cutoff of 15 Å was considered for Lennard-
Jones interactions. 
 
RESULTS AND DISCUSSION 
Gas – Graphene Interface. The first interface analysed in this work is obtained from the 
adsorption of CO2 on graphene. Adsorption from a pure CO2 gas and from the studied flue 
gas – like mixture were considered (CO2 + N2 + O2). Lee et al.40 showed through Density 
Functional Theory (DFT) calculations that CO2 molecules are physisorbed onto graphene 
surface with 8.79 and 13.81 kJ mol-1 interaction energies, for perpendicular and parallel 
arrangements, respectively, which are lower than the values reported by Takeuchi et al.41 for 
parallel arrangement using a different DFT (functional) approach (26.2 kJ mol-1). These 
theoretical results show preferential arrangement of CO2 molecules on graphene surface 
with gas molecules placed at 3.2 Å. Takeuchi et al.41 also showed and experimental coverage 
of CO2 on graphene of θ=0.10. Therefore, the structure of the adsorbed CO2 on graphene 
was firstly analysed through the number density profiles in perpendicular direction to the 
graphene surface, Figure 1. Results in Figure 1a show that adsorption from pure CO2 gas 
phase leads to a highly structured region above the graphene surface. This region is 
characterized by three layers of CO2 molecules adopting a parallel arrangement about 
graphene (peaks [1], [3] and [5] in number density profiles of Figure 1a), the maxima of peak 
[1] (3.2 Å agrees with DFT results reported by Takeuchi et al.41). These three layers are 
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separated by two less dense ones (peaks [2] and [4] in Figure 1a) in which CO2 molecules are 
adopting a perpendicular arrangement to graphene. Therefore, a layering, alternating 
parallel-perpendicular arrangement of CO2 molecules is obtained when CO2 molecules are 
adsorbed from a pure CO2 gas phase (bottom panel of Figure 1a). The planar arrangement of 
CO2 molecules in the first adsorbed layer is confirmed in Figure S2 (Supporting Information). 
In the case of gas adsorption from flue gas mixture (Figure 1b), the reported results show 
different behaviour in comparison with pure CO2, mainly because of the presence of N2 
molecules (and in minor extension of O2 molecules) which are coadsorbed on the graphene 
results. Ohba et al.49 reported through a Monte – Carlo theoretical study that N2 molecules 
are adsorbed on graphene, developing a first adsorbed layer at 3.4 Å with 8.7 kJ mol-1 
interaction energy. Hence, although graphene-N2 interaction energies are lower than 
graphene – CO2 ones, it may be expected that both molecules compete for adsorption site 
onto graphene surface. This is confirmed by the number density profiles reported in Figure 
1b. A first adsorbed layer on graphene is formed by CO2 and N2 molecules, with slightly 
larger concentration for CO2 molecules despite the larger N2 concentration in bulk flue gas 
phase. N2 molecules are placed slightly closer to the graphene surface in comparison with 
CO2 molecules (3.3 and 3.5 Å for the first maxima reported in Figure 1b) and both N2 and CO2 
molecules adopt a parallel configuration regarding the graphene surface for the first 
adsorbed layer. This first adsorbed layer if followed by a region with a low concentration of 
N2 molecules adopting a perpendicular arrangement to the surface (the first shoulder after 
peak [1] for N2 in Figure 1b) but CO2 molecules are absent in this region in contrast with the 
behaviour reported for adsorption from pure CO2 (Figure 1a). The structure for outer 
adsorption layers is characterized by a prevailing presence of N2 molecules, peaks [3] and [5] 
in Figure 1b being remarkably larger than those for CO2. Therefore, CO2 molecules tend to 
concentrate in the first adsorbed layer, whereas N2 molecules are present in all the adsorbed 
layers, with O2 molecules being minor components in the first three layers. The structure of 
this first adsorbed layer is highly heterogeneous with CO2 molecules (also adopting a planar 
configuration) and N2 molecules placed in different regions on top of graphene surface 
(Figure S2, Supporting Information). The adsorption from the flue gas mixture leads to a 
remarkably larger layering when compared with adsorption from pure CO2, bottom panels of 
Figures 1a and 1b, with this layering extending up to 30 Å from graphene surface, Figure 2a. 
This largely layered adsorption structure rising from adsorption layers formed mainly by N2 
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molecules, except for the first layer in direct contact with graphene, shows up to nine layers 
as reported by the behaviour of number density profiles reported in Figure 2a showing a 
damped oscillation behaviour (with a periodicity of 5 Å). This oscillation behaviour of density 
profiles on graphene has been previously reported for other types of molecules such as ionic 
liquids,50 with the same periodicity but with larger oscillation period and minor extension of 
the oscillations (i.e. larger damping) usually with layers being limited to 20 Å from the 
graphene surface. The positions and the values of the maxima for N2 density profiles are 
reported in Figure 2b showing a non-linear behaviour corresponding to an attenuation of the 
layering upon increasing the distance with the graphene surface; nevertheless, it should be 
remarked that although the layering decreases on going to high temperatures, up to four 
well defined layers are obtained at 1023 K. 
 The development of the gas adsorbed layers on graphene is analysed through the 
time evolution of graphene-gas interaction energies reported in Figure 3. These results show 
that in the case of adsorption from pure CO2, the adsorbed layers are developed in 3 ns 
(determined through the constancy of interaction energy) with negligible differences for the 
two considered temperatures, whereas in the case of adsorption from the flue gas mixture it 
takes up to 7 ns to develop the complex layering showed in Figure 2b. This slower kinetics 
for the adsorption from flue gas mixture stand on the spatial reorganization of the first 
adsorbed layer for fitting both CO2 and N2 molecules, and on the other side for the large 
number of layers obtained beyond the first adsorbed layer. The interaction energies are 
twofold for CO2 than for  N2, in agreement with DFT literature results,40,41 in spite of the first 
adsorbed layer (in direct contact with graphene) showing almost equivalent concentration of 
both types of molecules, Figure 2b. Likewise, it should be remarked that although O2 
molecules are present in the first three adsorbed layers, its concentration is low and thus O2-
graphene interaction energies are also weak. Moreover, strong N2/CO2-graphene 
interactions are produced even for high temperature (1023 K), and thus, confirming the 
affinity of graphene for both molecules. 
 The structuring of considered gases suffers changes upon adsorption on graphene as 
shown by the radial distribution functions (RDFs) reported in Figure 4. In the case of pure 
CO2, Figure 4a, CO2 molecules in the first adsorbed layer show a more ordered structure in 
comparison with bulk CO2 in gas phase, as shown by the increase in the intensities of the 
reported radial distribution functions, leading to a liquid-like structure for the layer in direct 
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contact with graphene, in agreement with previous literature results for adsorption on 
graphite surface.51 Nevertheless, the position of the maxima for the peaks in radial 
distribution functions (at 4.1 and 7.1 Å) remains constant upon adsorption, and thus, the 
mechanism of interaction between CO2 molecules is the same both in bulk gas phase and in 
the first adsorbed layer, where the presence of graphene layer increases density because of 
strong CO2 – graphene interactions, and thus, also increases CO2-CO2 interactions. Regarding 
the adsorption from the flue gas mixture, results in Figure 4b show that CO2-CO2 interactions 
in the first adsorbed layer are very like those in the bulk gas mixture for the first solvation 
shell, but interactions beyond this shell are disrupted. Interactions of N2-N2 and O2-O2 types 
are also disrupted in the first adsorbed layer, whereas heteroassociations (Figure 4c) suffer 
remarkable changes. CO2-N2 interactions are weakened upon adsorption whereas N2-O2 are 
reinforced. Therefore, the structure of the first adsorbed layer from flue gas is very different 
to that in bulk flue gas because the preferential interactions between the gases and 
graphene reported in Figures 1b and 2b produces a structural rearrangement of molecules 
on the graphene surface. 
 The large interaction energies reported in Figure 3 for gas – graphene systems should 
lead to a decrease in molecular mobility for molecules placed in the first adsorbed layer in 
comparison with bulk gas phases. This effect is quantified in Figure 5 reporting the ratio of 
self-diffusion coefficients in the plane parallel to graphene surface (Dxy) for molecules in the 
first adsorbed layer in comparison with bulk phase. The reported results show that for the 
lowest studied temperature the molecular mobility in the first adsorbed layer is remarkably 
lower than in the bulk gas phases, in agreement with the liquid – like behaviour inferred 
from results in Figures 1 and 4. The decrease in mobility is larger for the case of adsorption 
from flue gas mixture than for pure CO2, which shows that in the case of flue gases the 
interactions between gas molecules in a liquid-like arrangement reported in Figures 4b and 
4c also contributes to the decrease in mobility adding an additional contribution to the gas – 
graphene interactions. Likewise, in the case of flue gases the decrease of molecular mobility 
upon adsorption is equivalent for the three types of molecules (CO2, N2 and O2) confirming 
the development of heteroassociation between these molecules as reported in Figure 4c. 
The decrease in molecular mobility is very sensitive to the considered temperature because 
results in Figure 5 show Dxy for molecules in the interface close to those in bulk phase. This 
can be justified considering the decrease in the strength of gas – graphene interactions, 
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especially for CO2-graphene ones (Figure 3), leading to a decrease of layering and 
densification upon adsorption (Figure 2) but also by the weakening of gas-gas interactions, 
all these factors decreasing the liquid-like behaviour of the adsorbed layer with increasing 
temperature. 
MACs – Vacuum Interface. The main objective of this work is to analyse the interfaces 
involving the considered MACs, and thus, in this section the properties of the interface 
between MACs and a vacuum layer is studied to infer the structural rearrangements of ions 
because of the presence of this interface. Number density profiles near the Gibbs dividing 
surface (GDS) are reported in Figure 6a for the case of Li2CO3 showing a rearrangement of 
ions at the interface. A weak peak for Li+ is inferred below the GDS at 2 Å whereas another 
one is obtained for carbon atoms in carbonate ion at 0.5 Å below the GDS, therefore an 
enrichment of the region just below the GDS for carbonate ions is produced in comparison 
with the bulk liquid region. Another remarkable feature inferred from Figure 6a stands on 
the position of the maximum for carbon atoms being closer to the GDS than the ones for 
oxygen atoms in carbonate anion that are placed in inner regions, i.e. the planarity of 
carbonate ions is modified by the presence of the vacuum interface with oxygen atoms 
being placed closer to lithium cations and carbon atoms close to the interface. The 
disruptive effect because of the vacuum interface is also inferred from the oscillating density 
profiles reported in Figure 6a, especially remarkable for carbon atoms in carbonate. In the 
case of Li0.87Na0.63K0.50CO3 eutectic mixture, Figure 6b, the presence of three types of alkali 
cations leads to a complicated picture of the structure at the vacuum interface, very 
different to that in Li2CO3. Li, Na and K cations are present in regions both above and below 
the GDS but whereas Li prevails in the region below GDS, the K cation prevails in the region 
above the GDS, showing a heterogeneous distribution of cations in the interface region. 
Regarding the distribution of carbonate anions, the presence of three types of cations 
induces a larger oscillating behavior of number density profiles (four maxima for carbon 
profiles are inferred in the case of Li0.87Na0.63K0.50CO3 in contrast with only two for Li2CO3), 
which shows the formation of larger layering in the case of the eutectic MACs. 
 The layering structure near vacuum interface is confirmed by the total charge density 
profiles reported in Figure 6c for the region around GDS. These alternating regions of 
positive and negative charges indicate carbonate anions and alkali cations occupying 
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different regions below the GDS, whereas the region above GDS does not show a neat 
charge. 
 
MACs – Graphene Interface. The adsorption of MACs at the graphene interface is analysed 
in this section. Densification and layering of molten salts on graphene have been previously 
reported, especially for ionic liquids,52,53,54 whereas it has also been reported for MACs over 
other surfaces such as metals.39 The adsorption of Li2CO3 on graphene leading to 
densification and layering with an oscillatory damped behaviour for number density profiles 
is confirmed in this work (Figure 7a). The region 20 Å above graphene is characterized by five 
adsorption layers for lithium and carbonate cations. Carbonate cations are placed closer to 
graphene surface for the first adsorbed layer as the maxima at 3.38 and 4.31 Å show. 
Likewise, carbon atoms in carbonate are roughly 0.5 Å closer to the surface than oxygen 
atoms, which show disruption of planar structure of carbonate cations, as was also reported 
for the vacuum interface. Regarding adsorption layers beyond the first one, results in Figure 
7a show that lithium cation and carbonate anions lead to alternating density profiles, i.e. the 
maxima of cations is place for the minima of anions, therefore pointing to alternating cation-
anion layers separated by 1-2 Å. In the case of Li0.87Na0.63K0.50CO3 eutectic mixture, 
densification and layering is also produced but in a minor extension as the lower values for 
the corresponding density peaks show (Figures 7a and 7b). In the eutectic mixture, the first 
high density peak for lithium almost vanish because sodium and specially potassium cations 
are placed in regions closer to graphene surface. Likewise, oscillations for number density 
profiles in the case of Li0.87Na0.63K0.50CO3 eutectic mixture extend to shorter distances in 
comparison with Li2CO3, i.e. larger damping constant leading to a decrease of layering. This is 
confirmed by the large oscillations inferred for charge density profiles obtained for Li2CO3, 
which are damped on going to the eutectic mixture, Figure 7c. 
 The large differences in the structures of adsorbed layers for Li2CO3 and 
Li0.87Na0.63K0.50CO3 eutectic mixtures are confirmed by the arrangements reported in Figure 
8. In the case of Li2CO3, a highly ordered structure for the first adsorbed layer is inferred, a 
pattern is extended above the graphene surface with lithium cations adopting a hexagonal 
distribution with carbonate cations placed in the center of these hexagons, Figure 8a. 
Hexagonal distributions of molten salts have been previously reported in the literature; 
Kislenko et al.50 have reported analogous hexagonal arrangements  for alkylimidazolium-
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based ionic liquids. The lattice spacing for the hexagonal arrangement of ions reported in 
Figure 8a is two-times larger than the one of graphene whereas Kislenko et al.50 have 
reported lattice for the studied ionic liquid four times larger, which can be justified 
considering the smaller size of ions involved in Li2CO3 adsorption in comparison with bulky 
alkylimidazolium cations. Nevertheless, it seems that for simple molten salts they adopt a 
hexagonal distribution resembling that of the graphene substrate, with lattice constants 
depending on the size of involved ions. These hexagonal arrangements lead to an efficient 
ion-graphene interaction maximizing the adsorption of the salts. In the case of 
Li0.87Na0.63K0.50CO3 eutectic, the presence of three different types of cations with very 
different sizes (Table S1, Supporting Information) introduce a disruption in the structuring of 
the first adsorbed layer, and although a certain ordering is inferred hexagonal lattices are 
not formed, Figure 8b. Nevertheless, in the case of the studied eutectic mixture, the 
distribution of ions in the first adsorbed layer is characterized by isolated carbonate cations 
surrounded by alkali cations, with shells around the carbonate composed by mixtures of the 
three considered types of cations, Figure 8b. 
 The structure of the first adsorbed layer on graphene in comparison with bulk liquid 
MACs is analysed through RDFs reported in Figure 9.  For Li2CO3 adsorption, RDFs for carbon-
carbon interactions shows a first peak wider for carbonate ion in the adsorbed layer than in 
the bulk fluid, Figure 9a, because of the molecular arrangement (hexagonal lattice) reported 
in Figure 8a. In the case of the interactions between lithium cation and carbonate anion and 
for the lithium-lithium ones, RDFs are very similar as those in the bulk region because the 
hexagonal lattice arrangement allows a close contact between lithium and carbonate ions, 
Figures 9a and 9b. In the case of the eutectic mixture, RDFs corresponding to carbonate – 
carbonate interactions, Figure 9c, shows a widening of the first solvation peak, which is again 
justified by the dispersion of carbonate anions on top of the graphene surface. Regarding the 
distribution of alkali cations, the bulk liquid phase is characterized by solvation shells with 
lithium cation placed in inner regions, followed by sodium and potassium (Figure 9c) 
because of the cations size which allow a fitting of the smaller cation (lithium) in regions 
closer to the carbonate anion. This pattern is maintained with minor changes for the eutectic 
in the first solvation layer (Figure 9c). Regarding the patterns for cation-cation interactions in 
the eutectic mixture, the complex patterns reported in Figure 9d for the bulk liquid phase 
are maintained for the cations in the first adsorbed layer, with a minor widening of RDFs 
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peak corresponding to the cation distribution on top of the graphene surface. The reported 
RDFs allow the calculation of ions in the solvation spheres around another type of ion as 
reported in Figure 10. The reported results reveal a decrease in the number of molecules 
around another one for all the considered ion-ion pairs and MACs on going from the bulk 
liquid phase to the first adsorbed layer. However, the relative composition of the solvation 
shells, i.e. the ratio between the considered ions in each shell, is maintained on going to the 
graphene surface, which can be justified from the differences of ionic arrangement in a 3D 
and 2D regions. Therefore, the mechanism of ion-ion interactions in bulk liquid phase both 
for Li2CO3 and for the eutectic mixture is maintained upon adsorption on graphene, even 
though the development of the hexagonal lattice arrangements reported in Figure 8. 
 The kinetics of the development of adsorption layers for both MACs on graphene is 
analyzed through the ion-graphene interaction energies reported in Figure 11. Adsorbed 
layers are developed in just 1 ns both for Li2CO3 and for the eutectic mixture, which shows 
that the structure of adsorbed layers is developed very quickly, which considering the 
remarkable ionic arrangements produced upon adsorption (the hexagonal lattice for Li2CO3) 
is highly remarkable. This quick adsorption is guided by the large affinity of carbonate anion 
for graphene surface, this effect is quantified by the ion-graphene interaction energies 
reported in Figure 11 which are two orders of magnitude larger for the carbonate anion than 
for the considered alkali cations in both MACs. Likewise, carbonate – graphene interactions 
are less effective in the case of the studied eutectic mixture when compared with Li2CO3, 
which agrees with the weaker densification upon adsorption reported in Figure 7 for the 
eutectic mixture. Regarding the cation-graphene interactions, although being weaker than 
carbonate-graphene ones, they are also remarkable, it should be remarked that density 
profiles reported in Figure 7 showed that alkali cations are placed at larger distances of 
graphene than carbonate, which also contributes to weaker interactions. In the case of 
lithium-graphene interactions, they are less effective on going from Li2CO3 to the eutectic 
mixture, Figure 11a, because of the dilution effect by the presence of other types of larger 
cations. Likewise, lithium-graphene and sodium-graphene interactions are larger than 
potassium-graphene ones. Therefore, from the viewpoint of ion-graphene interactions, the 
adsorption is guided by carbonate-graphene interactions, maximizing the number of 
contacts between the anion and the underlying carbon atoms of graphene with cation 
placed in lattices allowing effective ion-graphene interactions. The presence of cations larger 
12 
 
than lithium disrupts the adsorbed network, decreasing the extension of carbonate – 
graphene interactions and leading to a less effective adsorption from the viewpoint of 
interaction energy and densification upon adsorption. 
 
MACs – Graphene – Gas Interface. As a final stage of this study we report the behaviour of 
MACs at gas interface, when the MAC is supported on graphene, where the gas phase is 
pure CO2 or the flue gas mixture, which are of relevance considering graphene-MAC 
nanocomposites for CO2 capturing purposes using a physical adsorption mechanism. The 
number density profiles at MACs-gas interface are reported both for pure Li2CO3 and for the 
eutectic mixture for both gas systems in Figure 12. In the case of a gas phase composed only 
by CO2 molecules, Figure 12a, number density profiles do not show densification on top of 
the MACs liquid layer, with similar density profiles for both types of MACs close to those in 
the gas layer. Therefore, CO2 molecules are not remarkably adsorbed at the MACs interface 
in contact with pure CO2. The behavior of the adsorption from the flue gas mixture is totally 
different, Figure 12b, CO2 densification is clearly inferred on top of the MACs liquid layer 
leading to a liquid – like CO2 adsorbed layer on Li2CO3 and the eutectic mixture. The structure 
of flue gas on top of the studied MACs is characterized by a dense adsorbed layer of CO2 
molecules in direct contact with the MACs followed by gas-like layer composed by N2 
molecules, no adsorption of N2 molecules is inferred, Figure 12b. This structuring is 
confirmed by the isosurfaces reported in Figure 13, in which the preferential adsorption of 
CO2 from flue gases is in contrast with the behavior of pure CO2 gas phase.  In the case of 
MACs-pure CO2 interfaces, a remarkable feature inferred is the curved interface in contrast 
with the planarity of MACs-flue gas interfaces, Figures 13b and 13d. Molecules adsorbed on 
MACs-gas interfaces adopt a parallel orientation regarding MACs surface, Figure 14. This 
parallel orientation of CO2 molecules is adopted to maximize van der Waals interactions, 
which are favorable for cation-CO2 pairs, Figure 15. The main differences between the 
interaction energies in the cases of interactions with pure CO2 or with flue gas mixture stand 
on i) larger CO2-Li interactions (and decrease of CO2-Na and CO2-K) and ii) and weaker CO2-
carbonate cation positive energies on going to flue gas mixture. The only gas adsorbed on 
the MACs from flue gas mixture interface is CO2 as the almost negligible interaction energies 
for N2 and O2 reported in Figure S3 (Supporting Information) show. 
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 The structure of the liquid-like adsorbed layer and the interacting pairs is analyzed 
through relevant RDFs reported in Figure 16. A comparison of the reported RDFs for the case 
of pure CO2 gas phase (no adsorption), Figure 16a, and for the case of flue gas mixture phase 
(adsorption) shows that ion-CO2 interactions are only developed in the case of flue gas 
mixture. In the case of the eutectic mixture the lithium cations are closer to CO2 molecules, 
followed by sodium and potassium ones, which should be placed in inner regions of the 
interfacial regions, in contrast with the behavior of MACs-vacuum interfaces reported in 
Figure 6, i.e. the interface is rearranged by the presence of the flue gas phase to 
accommodate (adsorb) CO2 molecules. 
 
CONCLUSIONS 
The behaviour of molten alkali carbonates at graphene, vacuum and gas (CO2 and flue gas) 
interfaces is studied using molecular dynamics simulations. Likewise, the adsorption of CO2 
at graphene interface is also considered. CO2 molecules are strongly adsorbed on graphene 
surface, adopting parallel arrangements regarding the surface, leading to layering and liquid-
like densification both from pure CO2 and flue gas mixtures. In the case of flue gas, N2 
molecules are also adsorbed leading to stratification on graphene with up to nine adsorbed 
layers following an oscillating damping behaviour for number density profiles even for high 
temperature. The interface of molten alkali carbonates with vacuum is characterized by 
layering with carbonate anions and alkali occupying different regions above and below the 
Gibbs dividing surface. Molten alkali carbonates are adsorbed on graphene, both for pure 
Li2CO3 and for the studied eutectic mixture, with carbonate anions being placed closer to 
graphene surface, adopting a slightly disrupted parallel configuration, and alkali cations in 
slightly outer regions, i.e. leading to charged regions above graphene surface. In the case of 
pure Li2CO3 adsorbed ions adopt a hexagonal lattice distribution, with lattice constant two 
times larger than the one for graphene, which is disrupted when the eutectic mixture is 
adsorbed. The adsorption of molten alkali carbonates is guided by the strong carbonate – 
graphene interactions in comparison with the weaker alkali cations – graphene interactions. 
Finally, the structure of molten alkali carbonates in contact with gas phases is also studied 
showing that CO2 molecules are not adsorbed when the carbonates are in contact with a 
pure CO2 gas phase in contrast with the large adsorption when flue gas mixture is present. 
The adsorption of CO2 molecules is not accompanied by N2 molecules, which are weakly 
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interacting with the molten alkali carbonate ions, thus showing high selectivity of the studied 
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Figure 1. Number density profiles for the centers-of-mass of gas molecules in perpendicular direction to 
graphene for (a) graphene + CO2 and (b) graphene + flue gas interfaces. Graphene is placed at d = 0. All values 
at 673 K. The numbers inside each panel show the d (Å) corresponding to the maxima. 
 
Figure 2. (a) Extended plot of number density profiles the centers-of-mass of gas molecules in perpendicular 
direction to graphene for graphene + flue gas interfaces at two temperatures, and (b) ratio between the 
position of the maxima, dmax, and the corresponding density, ρmax. The numbers inside panel (a) show the d (Å) 
corresponding to the maxima. 
 
Figure 3. Simulation time evolution of interaction energy between gas molecules and graphene for (a) 
graphene + CO2 and (b) graphene + flue gas interfaces. 
 
Figure 4. Center-of-mass radial distribution functions, g(r), for the reported molecular pairs for (a) graphene + 
CO2 and (b,c) graphene + flue gas interfaces. First adsorbed layer defined according to density profiles reported 
in Figure 1 (d < 5 Å). All values at 673 K. 
 
Figure 5. Ratios between the self-diffusion coefficients in the plane parallel to graphene surface, Dxy, for the 
reported molecules in the 1st adsorbed layer and in the pseudobulk regions for graphene + CO2 and graphene + 
flue gas interfaces. Dxy values calculated from mean square displacements and Einstein’s equation. 
 
Figure 6. (a,b) Number density, ρ, and (c) charge density profiles, ρe, in perpendicular direction to MAC-vacuum 
interface for the reported MACs. dGDS stands for the position (z-axis) of the Gibbs dividing surface. Values for 
Li2CO3 and Li0.87Na0.63K0.50CO3 (eutectic mixture) are for 1023 and 673 K, respectively. 
 
Figure 7. (a,b) Number density, ρ, and (c) charge density profiles, ρe, in perpendicular direction to graphene 
surface for the reported MACs.  Graphene is placed at d = 0. Values for Li2CO3 and Li0.87Na0.63K0.50CO3 (eutectic 




Figure 8. Snapshots of ions on top of graphene for the reported MAC-graphene interfaces, ions with d < 5 Å 
(where d stands for distance to graphene, i.e. first adsorbed layer) are included. Values for Li2CO3 and 
Li0.87Na0.63K0.50CO3 (eutectic mixture) are for 1023 and 673 K, respectively. White lines at the bottom of panel 




Figure 9. Center-of-mass radial distribution functions, g(r), for the reported  pairs for graphene - MAC 
interfaces. All values at 673 K. Values for Li2CO3 and Li0.87Na0.63K0.50CO3 (eutectic mixture) are for 1023 and 673 
K, respectively. First adsorbed layer defined according to density profiles reported in Figure 7 (d < 5 Å). Values 
for pseudobulk regions (top of each panel) are shifted to improve visibility. 
 
Figure 10. Number of molecules, N, is the first solvation sphere (defined according to results in Figure 9) for the 
reported pairs for graphene - MAC interfaces. Values for Li2CO3 and Li0.87Na0.63K0.50CO3 (eutectic mixture) are for 
1023 and 673 K, respectively. 
 
Figure 11. Simulation time evolution of interaction energy between reported molecules and graphene for  
graphene + MAC interfaces. Values for Li2CO3 and Li0.87Na0.63K0.50CO3 (eutectic mixture) are for 1023 and 673 K, 
respectively. 
 
Figure 12. Snapshots and number density profiles, ρ, in perpendicular direction to MAC-gas interfaces for the 
reported MACs. dGDS stands for the position (z-axis) of the Gibbs dividing surface. Values for Li2CO3 and 
Li0.87Na0.63K0.50CO3 (eutectic mixture) are for 1023 and 673 K, respectively. Simulated systems consist on a 
graphene + MAC + gas. Results in panel a and panel b correspond to interfaces with pure CO2 and with 
CO2+N2+O2 gas mixture, respectively. The snapshots show in small dots the MAC and in large balls the gas 
molecules. 
 
Figure 13. Number density isosurfaces for the reported systems. Panels a and c show distribution on top of 
Li2CO3 – gas interface and panels b and d on plane perpendicular to the interface. Left side of panels b and d 
show the MAC and right sides the gas. 
 
Figure 14. Probability distribution plots for the angle formed between CO2 molecules and a vector 
perpendicular to the MAC – gas interfaces. Only molecules in the first adsorbed layer are considered. 
 
Figure 15. Simulation time evolution of interaction energy between reported molecules for MAC + gas 
interfaces. Values for Li2CO3 and Li0.87Na0.63K0.50CO3 (eutectic mixture) are for 1023 and 673 K, respectively. 




Figure 16. Center-of-mass radial distribution functions, g(r), for the reported pairs for MAC + gas interfaces. 
Values for Li2CO3 and Li0.87Na0.63K0.50CO3 (eutectic mixture) are for 1023 and 673 K, respectively. Simulated 
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